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1. Introduction
An electrochemical cell from a lithium-ion battery (LIB) consists
of two porous electrodes (anode and cathode), which are
separated by a porous material (separator). The electrodes store
lithium within the crystal structure of the active material and
provide it to the liquid or solid electrolyte
that acts as a transport path for lithium ions
between the two electrodes. The electron
transport is provided by the electrodes
and the metallic current collectors, which
serve as the terminals to an external circuit.
Typically, the anode is a two-phase compos-
ite, consisting of electrolyte and anode
material (e.g., graphite), whereas the cath-
ode can be a three-phase composite consist-
ing of electrolyte, cathode active material
(e.g., LiFePO4 and LiCoO2), and electronic
conducting additives (e.g., carbon black), all
held together by a binder. Alternatively, the
cathode can consist of four phases, when a
mixture of two different active cathodemate-
rials is used (“blend cathode”). This article
deals with modeling approaches for simu-
lating a three-phase composite cathode.
Active materials themselves have inade-
quate electrical conductivities. Therefore,
the distribution of carbon/binder phase
in the pore space between the active mate-
rial particles is essential for improving the
electronic transport path from the current
collector to the active material phase. If part
of the active material is not electronically connected, it does not
contribute to the capacity of the battery. Both electronic conduct-
ing and binder phases are structurally important, and their dis-
tribution has an important influence on the cathode
performance.[1–3] The distribution of the carbon/binder phase
can influence the effective transport properties of both the
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Porous electrode models are essential for inexpensively predicting the perfor-
mance and lifetime of lithium-ion batteries. Physics-based models range from
microscopic 3D models, which spatially resolve the microstructural character-
istics of all phases in porous electrodes, to reduced and computationally effective
models, which do not resolve the microstructure. The homogenized Newman
model, also known as the pseudo-2D (P2D) model, is well established and widely
used. However, the necessary simplification shows its weaknesses, especially
for high charge and discharge rates, and these lead to significant differences
in comparison with the microscopic 3D model. Herein, the validity of the
homogenized Newman model is investigated with respect to variations of
the microstructural characteristics of a porous cathode. The effects of 1) a
homogenized conductive additive; 2) non-spherical particle geometries; and
3) overlapping particles on charge/discharge curves are analyzed. The result is a
better understanding of the validity limits of P2D models. These new insights
about the individual influences of the simplifications will be used to improve the
homogenized model. The simulation of complex cathode structures, where
several homogenization assumptions are violated, shows that the improved
homogenized model reaches a very high accuracy, and, thus, overcomes the
existing limitations of the P2D model approach.
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electrolyte and of the active material. These effects can be studied
microscopically using 3D tomographic reconstructions of the
electrodes in combination with 3D modeling approaches.
Indeed, tomographic reconstructions of anode and cathode give
a perfect picture of their microstructures from a geometric point
of view.[4–6] They can also be used to characterize the transport
properties of the electrodes.[7–9]
LIB electrodemodeling is carried out with different approaches.
This work deals with physics-based models that can suitably
simulate a battery cathode based on the material properties, the
microstructure of the electrode, and the working conditions
(e.g., temperature or applied current). A well-known, and widely
used, model is the “Newman model” also known as the Doyle–
Fuller–Newman model. The development of this model began
at the Newman group at Berkeley[10–16] and was also carried out
by other groups; e.g., see the previous studies.[17–19] The Newman
model is usually associated with its homogenized version, which
was first derived by volume averaging in the original work,[10] and
then formally by two-scale expansion.[20] In the homogenized
version, the model considers cells with the simplification of
monodisperse spherical active material particles immersed in
an electrolyte solution. It results in a so-called pseudo-2D (P2D)
model, where one dimension is the homogenized electrode,
and the other dimension is given by the spherical particles of active
material. To improve the microstructure modeling in the homog-
enized model, an extension of the P2D Newman model was devel-
oped by Ender, which still describes the active particles as
spherical particles, but with a given size distribution.[21]
The Newman model is used extensively in its P2D version,
while the full microscopic 3D version has so far been used
in very few studies.[22–24] The reason for this is the numerical
complexity associated with the solution of the 3D model. The
homogenized P2D model is typically assumed to be a good
compromise between accuracy and computational costs.
Nevertheless, it is not always possible with homogenized models
to determine which aspect of the reduced model makes the
results inaccurate. When comparing a P2D model with experi-
mental data, it is difficult to determine whether the possible
deviations are due to the validity of the homogenized model
or to poor parameterization of the model. Therefore, it is essen-
tial to investigate the limit of validity of the P2D model. This is
done, for example, by Arunachalam et al., where some limits of
the homogenization approach are considered, but no compari-
son between the 3D model and the P2D model is performed.[25]
For example, Taralova et al. showed a comparison between 3D
and P2D battery models, but the geometries were simplified, and
no carbon/binder phase was considered.[26] The authors showed
two cases, both considering a periodic arrangement of active
material. In the first test case, the microstructure consisted of
overlapping spherical particles. In the second test case, the peri-
odic arrangement consisted of randomly placed, overlapping
ellipsoid and spherical particles of different sizes. In the cited
work, the agreement between the 3D and P2D models was very
good. However, this can only be shown in the unrealistic cases
where the carbon/binder phase is disregarded. In fact, the present
article shows that a similar comparison, which also includes the
carbon/binder phase, reveals large differences between the two
model approaches, unless the P2D model is appropriately
adjusted. A further comparison between 3D and P2D approaches
is shown by Goldin et al. to improve the P2D model.[22] The 3D
models have been used to simulate battery discharge performance
as a function of electrode packing configurations and/or discharge
rate. The scope was to determine empirical relationships for
required parameters of the P2D model. In particular, an effective
particle radius was determined as a function of the porosity and
the specific surface area of the electrode. This improved the trans-
port process modeling in the active particles, but the carbon/
binder phase was disregarded, and the consideredmicrostructures
were limited to overlapping spherical active particles.
In a recent work by Hein et al., the important influence of
conductive additives and binder on cathode impedance and
the role of the electrode morphology are shown, combining
3D microscopic simulations with impedance measurements.[27]
While 3D microscopic modeling is appropriate when studying
the influence of the carbon/binder phase, a simplified model
that can describe these microscopic effects without complex
3D simulations would be preferable and beneficial to the design
of new electrodes.
The purpose of this article is to study and improve the validity
of homogenized models focusing on the influence of the carbon/
binder phase on cell performance. To the best of our knowledge,
a quantitative comparison between the 3D and the P2D
approach, that also considers a realistic microstructure and
the presence of carbon/binder phase, has never been presented
in the literature. In this work, a hierarchy of four models will be
compared with increasing microscale definition to test different
homogenization approaches. For a systematic investigation of
the microstructural influence, microstructures with desired, pre-
defined properties are particularly helpful and are here generated
by a newly developed virtual microstructure generator.[28] After
defining a representative volume element for the 3D models,
the simulation results of the three models are compared with
each other with different degrees of simplification, which allows
conclusions to be drawn about the relevance of homogenization
of the conductive additive. Subsequently, the influences of
1) non-spherical particle geometries and 2) overlapping particles
on the discharge behavior are analyzed using specially generated
microstructures. These new findings on the individual influen-
ces of the simplifications are used to improve the homogenized
model, so that it can simulate realistic, complex structures with a
very high accuracy and, thus, overcome the existing limitations
of the P2D model.
2. Methodology
2.1. Model Description
Figure 1 shows two 3D models and two P2D models considered
in this study: 1) a 3D model with separated phases (3D(SP)), in
which the electrode is spatially resolved, i.e., the active material
phase, the electrolyte, and the carbon/binder phase; 2) a 3D, but
partially homogenizedmodel (3D(PH)), in which the active mate-
rial phase is still spatially resolved, whereas the carbon/binder
phase and the electrolyte are treated as one homogeneous phase,
filling the pore space with effective ionic and electronic transport
properties; 3) the extended homogenizedmodel (EHM), in which
the active material phase is a distribution of spherical particles
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with different radii within the porous electrode, which is treated
as 1D homogeneous, and 4) the state-of-the-art P2D model, in
which the active material phase is considered as one size spheri-
cal particles. In this study, all four models are configured as a
half-cell of an lithium-nickel-cobalt-aluminum-oxide/ lithium-
cobalt-oxide (NCA/LCO) cathode against metallic lithium. The
carbon/binder phase is the conductive phase and summarizes
the carbon black particles and the binder phase, and the latter
is not discussed explicitly. This carbon/binder phase can have
an effective electric conductivity up to 650 Sm1.[29]
The two 3D model geometries are resampled to a voxel
size of 200 nm (voxel¼ volumetric pixel), preprocessed by island
removal operations and meshed with the software Synopsys
Simpleware ScanIP. All four models are implemented in
COMSOL Multiphysics 5.3 using the Batteries and Fuel Cells
module and the Transport of Diluted Species interface.
Starting with the model description of the 3D(SP) model includ-
ing the underlying equations, the stepwise increasing homoge-
nization from the 3D(PH) model to the EHM model toward the
P2D model is described as follows.
The 3D(SP) model is based on the Doyle–Fuller–Newman
model.[10] It consists of a set of equations that describes transport
in the active material phase and in the electrolyte, as extensively
explained by Fuller et al. and briefly introduced in the
following.[16] Ionic transport within the electrolyte is modeled
using the theory of concentrated solution describing the conser-
vation of mass (Equation (1)) and the current density















1þ ∂ ln f
∂ ln cl

ð1 tþÞ∇ ln cl (2)
Here, cl represents the lithium concentration in the electro-
lyte, Dl is the effective diffusion coefficient in the electrolyte,
F is the Faraday constant, tþ is the transference number, il is
the electrolyte current density, Rg is the universal gas constant,




thermodynamic factor of the electrolyte.
Lithium diffusion in the active material and the electron trans-
port to the charge transfer region is considered by the model. The
lithium diffusion results from the concentration gradient and is
modeled by Fick’s law (Equation (3)). The electronic transport is
driven by the electrical potential gradient and is described by the
ohmic law (Equation (4)). The electric potential is determined on
the domain defined as the unit of active particles and conductive
Figure 1. Schematic illustration of the four models considered here with an exemplary ionic and electronic transport path, coupled by the charge
transfer reaction at the particle surface.
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additive. The conductive additive has a much higher electrical




is ¼ σs∇ϕs (4)
The transport processes in the active material and in the
electrolyte are coupled by the charge transfer reaction at their
interface, where the lithium ions in the electrolyte react with
an electron, form elemental lithium, and intercalate into the
active material. The charge transfer current ict is quantitatively
described by the Butler–Volmer kinetic (Equation (5)), with
the charge transfer overvoltage ηct (Equation (6)) as the driving
force. Furthermore, the charge transfer is ruled by the lithium
concentrations in the electrolyte cl and in the active material
cs. The influence of the active material concentration cs on the
charge transfer is of particular relevance for the interpretation
of the results. The contained term (1 cs/cs,max) approaches
0 for concentrations near 0 as well as for values near cs,max,
inhibiting the charge transfer process. While chemical instabil-
ities of technically relevant active materials prohibit complete
delithiation during charging, the lithium concentration nearly
reaches cs,max during discharging and gives rise to a very high
charge transfer overvoltage. Hereby, only the lithium concentra-
tion on the surface of the active material is decisive. At very high
concentration gradients in the active material, the charge transfer
reaction ends before the lithium concentration inside the par-
ticles reaches a value close to cs,max.

















ηct ¼ ϕs  ϕl  ϕocvðcsÞ (6)
The 3D(PH) model considers carbon/binder phase and elec-
trolyte as a homogenized phase (see Figure 1, bottom left), which
has ionic conductivity and electronic conductivity, respectively.
The effective conductivity in Equation (9) and (10) is determined
according to their respective volume fractions ε (Equation (7)
and (8)) and their tortuosity τ. As there is no established
method for defining a reference volume and determining the
tortuosity of this combined phase in the pore space τCB,PH,

















⋅ σCB ¼ ε1.5CB ⋅ σCB (10)
The EHMmodel was first published in 2015 by Ender.[21] It is
based on the P2D model developed by Newman and Tiedemann,
but is extended by implementation of a particle size distribution
(PSD) instead of equally sized particles.[10] Herein, each particle
radius defines a different transport path instead of an averaged
transport property. As in all state-of-the-art P2D models, the elec-
trode geometry in the EHM model is homogenized to a 1D path
on which Equation (1), (2), and (4) are solved with effective
transport parameters defined as in Equation (11)–(13). While
the tortuosity of the liquid phase is computed as described in
Section 2.4, the tortuosity of the solid phase was not evaluated
explicitly, but the effective electrical conductivity σeff was evalu-
ated empirically with an in-house developed test bench.[30]
The lithium-ion intercalation is modeled by solving a 1D
diffusion equation with spherical symmetry for each representa-
tive electrode particle (Equation (14)) with particle radius Ri.
The effective transport parameters and the active particle




































where N is the number of particle radii.
Equation (14) is defined for each particle radius of the consid-
ered PSD. This is of particular relevance for modeling technical
cathode structures, which typically consist of active materials
owing a PSD. This results in different surface concentrations
and consequently different charge transfer current densities
ict,i. Here, the Butler–Volmer equation (Equation (5)) applies
as well, but is solved individually for each considered particle size
Ri. The individual charge transfer current densities ict,i of each
particle define the flux of lithium ions at the outer surface of
the particles and, thus, determine the boundary condition for
the diffusion equation according to Equation (15). Therein,
the flux of lithium ions has to be scaled from the surface-volume
ratio of a sphere (3/Ri) to that of the active material (Aspec/εs).
The total volume specific charge transfer current qct is deter-
mined by the weighted sum of the current densities ict,i of each
effective particle with radius Ri.




The state-of-the-art P2D model is represented by reducing the
EHM model to consider only one particle size (N¼ 1).
In that way, a hierarchy of simplifications is achieved
from a spatially fully resolved 3D model to a state-of-the-art
P2D model. The crucial approximations in the state-of-the-art
P2D models are: 1) averaging local fluctuations (e.g., due to
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the homogenization of the active particles and of locally distrib-
uted conductive additives); 2) monodisperse spherical particles;
and 3) no particle–particle interaction, whereas the EHM used
here overcomes 2) by considering PSDs.
2.2. Parameterization
The model is parameterized to an NCA/LCO–lithium half-cell,
whereby the lithium counter electrode is assumed to be ideal
(no reaction overvoltage, φOCV¼ 0 V). Table 1 shows the param-
eters for the NCA/LCO blend cathode and of the separator, which
was extensively investigated by our research group.[31] The listed
parameters without reference were experimentally evaluated
using well-established approaches.[9,30–33] The blend cathode is
combined to effective material parameters of a single material.
In this way, the actual four-phase system can be modeled as a
three-phase system. The corresponding open circuit potential
φOCV of the cathode is shown in Figure 2. It should be mentioned
that the comparative methodology of the models shown here is
also transferable to other material systems. Therefore, the partic-
ular choice of the parameter set used here is of little influence,
provided that 1) all hierarchical models use the same material
parameters, and 2) the parameters are in the right ranges for
homogenization and for the electrochemical application under
consideration.
The exchange coefficient k given in Table 1 is determined via a
transmission line modeling approach, as described by Costard
et al.[9] Therein, the macroscopic charge transfer resistance is
determined by a fitting procedure of electrochemical impedance
measurements to a two-channel transmission line model.
This parameter is scaled by the active surface area Aactive of
the electrode, obtained by focused ion beam and scanning elec-
tron microscopy (FIB/SEM) tomography, yielding the area spe-
cific charge transfer resistance and, finally, the exchange
coefficient k of the active material. As the homogenization of
the carbon black results in an increased active surface area
Aactive,PH, the charge transfer current density is scaled according
to the ratio of the specific active areas of the 3D(SP) and 3D(PH)





The liquid electrolyte parameters, originally from Nyman
et al., are represented in the model by fit functions, as listed
in Table 2 and described by Ender et al.[32,34] Consequently,
a LiPF6-based 1mol L1 electrolyte in an ethylene carbonate
and ethyl methyl carbonate (3:7 w:w) solution is modeled.
The four models are compared using the same simulation
scenario: The half-cell is discharged with 3C starting from an
electrode SOC of 98% until the cutoff voltage of 3.5 V is reached.
The temperature is set to a constant value of 298 K.
2.3. Generation of Virtual Microstructures
Microstructure data sets generated by a microstructure model are
used in the two 3D models (3D(SP) and 3D(PH)), whereas















cs / cs,max / -
Figure 2. Open circuit potential φOCV of the simulated NCA/LCO
cathode.
Table 1. Electrochemical parameters of the NCA/LCO blend cathode and
the microstructure parameters of the separator.
Parameter Symbol Value
Exchange coefficient k 5.68 109 m s1
Maximum lithium concentration cs,max 50 061 mol m
3
Lithium concentration @ state of charge (SOC) 100 cs,initial 12 515 mol m
3
Electric conductivity of the active material[38] σAM 0.1 S m
1
Electric conductivity of the conductive additive[29] σCA 500 Sm
1
Electric conductivity of the homogenized electrode[30] σeff 10 Sm
1
Diffusion coefficient Ds 5.6 1015 m2 s1
Porosity of the separatora) εsep 50%
Tortuosity of the separatora) τsep 1.5
a)Estimated value.
Table 2. Electrolyte parameters.
Parameter Symbol Value













cl κmax 0.9731 mol L
1
a 0.85388
b 0.162 L2 mol2
Diffusion
coefficient
Dl DlðclÞ ¼ D0 þ D1·cl þ D2·c2l
D0 4.04 1010 m2 s1
D1 3.902 1011 m2 s1 L mol1
D2 7.280 1011 m2 s1 L2 mol2
Transference
number





1þ ∂ ln f∂ ln cl 1þ
∂ ln f
∂ ln cl
¼ f 0 þ f 1·cl þ f 2·c2l
f0 1.00
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characteristic parameters (porosity and active material fraction,
surface area, tortuosity of pore phase, and PSD of active material)
are extracted for the two homogenized models (EHM and
P2D).[28] The active material particles are assembled by a “drop-
ping and rolling”method, and, in case of the 3D(SP) model only,
the conductive phase (carbon black and binder) is stochastically
placed between the active material particles.[35] The generation of
these microstructures is completely implemented in MATLAB
(The MathWorks, Version 2019b, Natik, MA, USA). The method
is based on a matrix grid representing the voxel-based micro-
structure and applies three sequential steps: 1) definition of
material portions and PSDs (studies 1–3: either monodisperse
spherical or ellipsoidal and study 4: arbitrary-shaped active
material particles with a particle distribution mimicked from a
“real-life” cathode structure); 2) sequential placement of active
material particles in a dimension-specified box; and 3) stochastic
placement of carbon/binder agglomerates into the remaining
pore space. Each individual carbon/binder agglomerate must
overlap with the active material particle above a given threshold,
thus ensuring a certain surface coverage. The randomly selected
position of the carbon/binder agglomerate is changed until this
criterion is met. Thereby, the electrical conductivity is reflected
well in the virtual microstructure. This microstructure genera-
tion method is newly developed and entirely described by Joos
et al. in this issue.[28]
2.4. Microstructure Parameters
The tortuosity τ of the pore phase is calculated by solving the
transport equation directly on the 3D geometry.[6] This parameter
connects the intrinsic bulk conductivity κ with the effective
conductivity κeff and is applied for the effective conductivity.
The PSD is calculated on the basis of the Euclidean distance
transform (EDT).[7] A 3D distance map of the shortest distance to
the active material surface results, whose local maxima corre-
spond to the radius of the largest spheres than can be placed
inside the particles. These spheres represent the determined
PSD, and their radius can be interpreted as the maximum diffu-
sion length inside the particles.
The volume fractions of each phase are calculated in COMSOL
Multiphysics by evaluating the individual volume of each phase.
The porosity is calculated by simply dividing the volume of the
electrolyte phase in the 3D geometry by the sum of the volumes
of all phases.
The MacMullin Number is a commonly used parameter to
characterize the inhibited transport of a fluid through a porous
structure. This number, based on the work of MacMullin and
Muccini, relates the intrinsic ionic conductivity of the electrolyte
in the cathode to the effective electrolytic conductivity and can be
calculated with knowledge of the porosity and the tortuosity







The volume-specific active surface area is defined as the
surface area between the active material and the pore phase
divided by the total volume (sum of all phases). All quantities
are calculated directly in COMSOL Multiphysics based on the
tetrahedral mesh.
3. Results and Discussion
This section presents comparative simulation studies of the four
models shown in Figure 1. In the first study, the models are
compared on the basis of a simple cathode structure with
monodisperse spherical particles and small contact areas. In the
second study, monodisperse spherical particles with increased
contact areas are introduced, thus violating the homogenization
requirement. In the third study, a cathode structure with ellipsoi-
dal active material particles is investigated, wherein the ellipsoids
are either orientated perpendicular or parallel to the current col-
lector/separator. As the EHM and P2D models are equivalent
when simulating monomodal configurations, their results are
summarized as EHM/P2D in the first three studies. The new
findings about emerging model errors are used to further
extend the EHM/P2D models. Thereafter, study 4 introduces
a “real-life” cathode with particle shapes from an FIB/SEM
reconstruction work, which violates several homogenization
assumptions.[28]
The simulations running on the 3D models (3D(SP) and
3D(PH)) were confined to smaller cathode volumes for the sake
of computing time. Beforehand, the volume size of a representa-
tive volume element is determined (see Supporting Information).
3.1. Study 1: Monodisperse Spherical Particles as Active
Material Phase (Small Overlap)
In the first study, the models: 3D(SP), 3D(PH), EHM, and P2D
are compared based on a virtual cathode with monodisperse
spherical particles of size r3D ¼ 2.1μm. The overlap between
the individual particles is small. The model geometries for
the 3D models are shown in Figure 3 and the corresponding
simulation results in Figure 4.
(a) (b)
Figure 3. Cathode volume used for the 3D models with monodisperse
spherical particles of the a) 3D(SP) model with spatially resolved
carbon/binder phase and b) 3D(PH) model with a homogenized
carbon/binder and electrolyte phase.
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The discharge curves of 3D(PH) coincide with the EHM/P2D
models, while 3D(SP) clearly differs, as the voltage over SOC is
always lower. The latter is the only one model, which spatially
resolves the carbon/binder phase. This result is further examined.
3.1.1. Electrolyte Transport Overvoltage ηEL
The electrolyte overvoltage (Figure 4b) of 3D(SP) and EHM/P2D
is in good agreement. This indicates that 1) the homogenization
of electrolyte transport processes is applicable, and 2) the effec-
tive transport parameters are appropriate.[37] In contrary, in the
3D(PH) model, the tortuosity is approximated by the Bruggeman
relation as a function of the porosity (see Section 2). In our expe-
rience, this approximation always underestimates the tortuosity;
thereby, the electrolyte overvoltage is underestimated in the
3D(PH) model as well.[32]
3.1.2. Solid-State Diffusion Overvoltage ηDiff
In all of our studies, the solid-state diffusion overvoltage oscil-
lates over SOC, which is due to the course of the equilibrium
voltage: According to Equation (S2) and (S3), Supporting
Information, the diffusion overvoltage depends on the concentra-
tion gradient in the particle and on the gradient of the equilib-
rium voltage dφOCV/dcs. 3D(PH) and EHM/P2D are well
superimposed, whereas 3D(SP) deviates significantly. This effect
is caused by the spatially resolved carbon/binder phase, which
covers the surface of the active material particles to a certain
extent. Naturally, lithium intercalation is inhibited there, and,
as a consequence, the diffusion pathway for lithium is raised.
This creates inhomogeneous diffusion pathways and, thus, a
higher solid-state diffusion overvoltage. In Figure 5, the associ-
ated inhomogeneous diffusion in the 3D(SP) model is compared
with the 3D(PH) model, wherein the carbon/binder and electro-
lyte phases are homogenized. For the first time, the interrelation
between carbon/binder phase and solid-state diffusion overvolt-
age is explicitly proved.
3.1.3. Transfer Reaction Overvoltage ηCT
The transfer reaction overvoltage is of similar amount and
course within all models, as shown in Figure 4d. As described
in Section 2, the higher the lithium concentration cs, the fewer
becomes the number of free spaces for lithium intercalation
within the crystal structure. This leads to a higher reaction over-
voltage at the end of the discharge. The slight deviation of
the 3D(SP) model is caused by the partial coverage of the active
material particle surface with the carbon/binder phase building
up higher cs gradients, which leads to an increased lithium
concentration on the free active surface and, thus, to an earlier
inhibition of the charge transfer reaction.
Study 1 demonstrates that the spatial resolution of the carbon/
binder phase, only considered in the 3D(SP) model, is indispens-

































































Figure 4. Simulation results of study 1: the active material is represented by monodisperse spherical particles for models 3D(SP), 3D(PH), EHM,
and P2D: a) 3C discharge curves, b) electrolyte transport overvoltage ηEL, c) solid-state diffusion overvoltage ηDIFF, and d) charge transfer
overvoltage ηCT.
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homogenization of the carbon/binder plus electrolyte phase in
the 3D(PH) and EHM/P2D models neglects the effect of inho-
mogeneous diffusion inside the active material particles. To over-
come this weakness of the EHM/P2D model, a diffusion path
extension factor (or a larger particle radius) is now empirically
introduced. As shown in Figure 6, a diffusion path extension fac-
tor of 1.5 raises the simulation results of EHM/P2D〈r〉þ 50%
closer to the 3D(SP) model. The deviation at 3C discharge in
Figure 6a is reduced from a maximum of 72mV to less than
10mV. However, the ηdiff curve of the EHM/P2D〈r〉þ 50%
model in Figure 6b still oscillates, because the proven variation
in diffusion length is not included. Therefore, the 3C discharge is
simulated again, but now for EHM〈r〉þ 50%þ PSD with an
extension factor of 1.5 plus a PSD, it should be noted
that the PSD works as various diffusion paths of different
lengths within a single particle. This measure further improves
the qualitative agreement between the 3D(SP) and the EHM
〈r〉þ 50%þ PSD model results, but is not applicable in the
state-of-the art P2D model.
3.2. Study 2: Monodisperse Spherical Particles as Active
Material Phase (Large Overlap)
Study 2 aims at imitating a cathode structure, which is calen-
dared after tape casting. In this case, most of the active material
particles are deformed, and the interparticle contact areas are
enlarged. This condition is implemented in the 3D models,
but not in the EHM/P2D models, and represents a violation
of a homogenization assumption. This study analyses virtual
cathode structures with varying degrees of overlapping parti-
cles, namely, an overlap of 0.5% (Figure 7a), 1.5% (Figure 7b),
and 2.5% (Figure 7c) of the respective particle volume.
The corresponding microstructure parameters are summarized
in Table 3. With increasing overlap, active material fractions







































Figure 6. a) 3 C discharge curve and b) solid-state diffusion overvoltage ηDIFF of i) the 3D(SP) model, ii) the EHM/P2D model,
iii) the EHM/P2D〈r〉þ 50% improved using a diffusion path extension factor 1.5, and iv) the EHM〈r〉þ 50%þ PSD improved using a diffusion path
extension factor 1.5 plus a PSD.
(a) (b) (c)
Figure 7. Cathode volume used for the 3D(PH) model with monodisperse




Figure 5. Lithium concentration gradient within two spherical active mate-
rial particles arising at a 3 C discharge after 975 s simulated for a) the
3D(SP) model with spatially resolved carbon/binder phase and b) the
3D(PH) model with homogenized (carbon/binder and electrolyte) phase.
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tortuosity τl, whereas the mean particle radii hriEDT determined
by the EDT differ only slightly. In the following, the simulation
running on the 3D(PH) model is compared with the EHM/P2D
models. The 3D(SP) model is not discussed in this case, as we did
not want to mix up the influence of particle overlap with the influ-
ence of the spatially resolved carbon/binder phase (see study 1).
The simulated discharge curves in Figure 8a disclose that the
volumetric particle overlap is of significance. At 2.5% overlap, the
EHM/P2D differs clearly from the 3D(PH) model. The analysis
of the individual loss processes provides more insight.
3.2.1. Electrolyte Transport Overvoltage ηEL
It is well known that the available pore space εl and its corre-
sponding tortuosity τl strongly determine the electrolyte trans-
port. Table 3 lists the according MacMullin numbers,
which correlate nicely with the simulated electrolyte overvoltage.
It becomes obvious that the approximated tortuosity by the
Bruggeman relation in the 3D(PH) causes deviations of more
than 20mV in the electrolyte overpotential.
3.2.2. Solid-State Diffusion Overvoltage ηDiff
The solid-state diffusion overvoltage increases slightly with
volumetric particle overlap in case of the 3D(PH) model, caused
by a declining surface area for lithium intercalation. This
increases the diffusion length of lithium atoms in the active
material particles, which is not considered in the EHM/P2D
models (the EDT algorithm calculates the mean radius only).
As a result, the EHM/P2D models do not account for the volu-
metric particle overlap, which explains the increasing deviation
Table 3. Microstructure parameters of microstructures with a particle
overlap of a) 0.5%, b) 1.0%, and c) 2.5% of the respective particle
volume.
Parameter Respective volumetric overlap of particles
a) 0.5% b) 1.0% c) 2.5%
εAM [%] 58.36 63.82 60.74
εEL [%] 21.45 16.47 17.84
εCB [%] 20.18 19.81 21.83
Aspec [μm1] 0.373 0.335 0.319
Aspec,PH [μm1] 0.781 0.799 0.733
τl [] 4.429 4.752 6.518
τl,PH [] 1.786 1.898 2.249
NM [] 20.65 28.85 36.54
NM,PH [] 4.29 5.23 5.67





























































1.0 % volumetric overlap
3D(PH) EHM/P2D
2.5 % volumetric overlap
3D(PH) EHM/P2D
SOC / %
Figure 8. Simulation results of study 2: the active material is represented by monodisperse spherical particles for models 3D(PH) and EHM/P2D
with a volumetric particle overlap of 0.5%, 1%, and 2.5%: a) 3C discharge curves, b) electrolyte transport overvoltage ηEL, c) solid-state diffusion
overvoltage ηDIFF, and d) charge transfer overvoltage ηCT.
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between the EHM/P2D model and the 3D(PH) model. The
authors do not expect the direct particle–particle interaction to
be the cause for this deviation, because the particles in the
3D model do not seem to exchange a considerable amount of
lithium, as shown in Figure 9.
3.2.3. Transfer Reaction Overvoltage ηCT
The transfer reaction overvoltage increases with increasing volu-
metric overlap equally for 3D(PH) and EHM/P2D models. This
finding is reasonable, as the overlapping active material particles
provide less active surface area for lithium intercalation, followed
by an increased exchange current density. The EHM/P2D mod-
els get the active surface area as a direct input parameter and
account for this effect as the 3D(PH) model. The pronounced
deviation between the three models at 2.5% volumetric overlap
is explained by the influence of electrolyte concentration on the
charge transfer reaction: The electrolyte transport in the 3D(PH)
model is least inhibited; thus, the concentration gradient is
smaller, and thus, the electrolyte depletion is lower. The electro-
lyte salt concentration is at a value of 780mol m3 in the EHM/
P2D compared with 400mol m3 in the 3D(PH) model. Due
to the term (cl)
α in the Butler–Volmer equation (Equation (5)),
electrolyte depletion inhibits the charge transfer process. All
in all, the 3D(PH) model underestimates the charge transfer
resistance because of a too small tortuosity and electrolyte
depletion.
Study 2 demonstrates the effect of an increasing overlap of
particles in the cathode structure, which mimics a calendaring
process: 1) the reduced pore space causes higher electrolyte
overvoltage; 2) the lengthening of the solid-state diffusion paths
causes higher diffusion overvoltage; and 3) the reduction of the
active surface area causes higher charge transfer overvoltage.
Both 1) and 3) are covered in the EHM/P2Dmodel, provided that
the microstructural parameters are correctly determined.
Regarding 2), lengthened diffusion paths have to be empirically
implemented into the EHM/P2D model. Figure 10 shows the
effect of a diffusion path extension factor of 1.09 introduced
in EHM/P2D〈r〉þ 9%, reaching far better agreement in solid-
state diffusion overvoltage.
3.3. Study 3: Comparison of Spherical and Ellipsoidal Particles
as Active Material Phase
This study focuses on a well-known simplification of the
P2D model: using monodisperse spherical particles only. This
precondition does not consider technical cathode structures,
which own particles of different sizes and mostly with a non-
spherical shape. Consistently, study 3 investigates structures
with ellipsoidal particles. These are generated with an orientation
of the largest semi-axis 1) perpendicular to the current collector
(┴) and 2) parallel to the current collector (‖). The larger
semi-axis of the ellipsoids is twice as long as the equivalent
spherical radius, whereas the other two semi-axes maintain
the length r3D¼ 2.1 μm. Figure 11 shows the corresponding
3D images, wherein the spherical structure is equal to
Figure 3a and 5a.
It should be noted that ellipsoids, in general, have a different
volume, different half-axis lengths, and a different particle sur-
face compared with spherical particles. To maintain comparabil-
ity of the structures, we have decided to equate the length of the
smallest semi-axis (respective the radius), as the most relevant
diffusion length of all particle shapes. Thus, the ellipsoid
particles inevitably have a larger volume and a modified specific
particle surface. Although the degeneration of spheres generally
results in an increased specific particle surface area, the specific
particle surface area decreases at the same time as the particle
volume increases. The latter effect predominates in our case,
so that the ellipsoid microstructures have a lower overall
active surface area. Table 4 lists the microstructural properties
of the generated structures. To avoid mixing the influence of
Figure 9. Lithium concentration and the diffusion flow of the 3D(PH)
model in the spherical active material particles with 2.5% overlap arising















2.5 % volumetric overlap
Figure 10. Solid-state diffusion overvoltage ηDIFF of the 3D(PH) model,
the EHM/P2D model, and the empirically improved EHM/P2D〈r〉þ 9%
with a diffusion path extension factor of 1.09, all simulated for a 2.5%
volumetric particle overlap.
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the particle shape with the influence of the locally resolved
conductive additive of the 3D(SP) model (see study 1),
the EHM/P2D models are only compared with the 3D(PH)
model.
The discharge curves in Figure 12a are rather similar for
spherical and ellipsoid structures, with only a minor trend to
higher overvoltage, most pronounced in the 3D(PH) model.
As the analysis of the electrolyte overvoltage only shows the
underestimation of electrolyte losses in the 3D(PH) model
one more time and, thus, provides no further information, a plot
of the cell voltage deviating among the models is inserted
instead. The deviation φcath,3D(PH)–φcath,EHM reveals that 1) for
spherical structures, the overvoltage in the EHM/P2D model
is higher (because the 3D(PH) model underestimates the
electrolyte losses, as already discussed earlier) and 2) for
ellipsoidal structures, the overvoltage in the EHM/P2D
models is lower. The latter simulation result is analyzed in
the following.
3.3.1. Solid-State Diffusion Overvoltage ηDiff
Despite the same semi-axis length in two spatial diffusion direc-
tions in the ellipsoids, the diffusion path along the extended
semi-axis gives rise to a higher overvoltage in the 3D(PH) model.
In contrast, the diffusion path in the EHM/P2D models is linked
to the mean particle radius hriEDT. As the EDT considers the
smallest half-axis of a particle (see Table 4), the shape variation
in this study from spherical to ellipsoidal is obsolete. Therefore,
the solid-state diffusion overvoltage in the EHM/P2D models
tends to be underestimated.
A 3D illustration of the intercalation current density in
ellipsoids, as shown in Figure 13, shows its dependency on
the length of the half-axis, but not on the electrolyte potential.
The assumption that electrolyte concentration or potential gra-
dients along an ellipsoidal particle must result in an inhomoge-
neous distribution of the charge transfer current density on its
surface, even more pronounced for the ellipsoids perpendicular
to the current collector, was not confirmed. In conclusion, the
intercalation behavior on an ellipsoidal surface seems to depend
mainly on the length of the half-axis, but not on the electrolyte
potential.
3.3.2. Transfer Reaction Overvoltage ηCT
All models calculate a higher transfer reaction overvoltage for the
ellipsoid particles, caused by a smaller active surface area and,
thus, an increased charge transfer current density. The EHM/
P2D model receives the active surface area as a direct input
parameter, whereas the 3D(PH) model actively calculates it.
Thereby, all models can account for this effect, and the simulated
curves are in good agreement.
Study 3 demonstrates that the deviating results between
EHM/P2D and 3D(PH) in Figure 12b are 1) 3D(PH) underesti-
mates the electrolyte losses for spherical and ellipsoidal
structures, simultaneously causing an underestimation of the
corresponding overvoltage and 2) EHM/P2D models underesti-
mate the solid-state diffusion length for ellipsoidal particles,
simultaneously causing an underestimation of the diffusion
overvoltage. This effect explains a lower total overvoltage
in the EHM/P2D model and, thus, a flip of the deviations
in Figure 12b from positive to negative values. Furthermore,
no significant influence of the orientation of the ellipsoids
was observed. For a better agreement between 3D(PH)
and EHM/P2D models, we recommend a diffusion path
extension factor of 1.15 (EHM/P2D〈r〉þ 15%) in the EHM/P2D
models. Then, Figure 14 confirms for perpendicular oriented
ellipsoids a far better agreement in solid-state diffusion
overvoltage, with a deviation below 5mV and, therefore, of minor
relevance.
In summary, a well-picked diffusion path extension factor for
EHM/P2D models can account for elongated diffusion paths
originating from carbon/binder phase at the surface of active
material particles, from enlarged particle overlap introduced
by calendaring or from ellipsoidal particle shapes. In contrast
to the P2D model, the EHM model can account for asymmetric
diffusion paths within a single particle through a PSD instead of
considering monodisperse particles. The effectiveness of our
Table 4. Microstructure parameters of microstructures with spherical
particles, ellipsoids perpendicular to the current collector (┴), and
ellipsoids parallel to the current collector (∥).
Parameter a) Spherical particles b) ┴ ellipsoids c) ∥ ellipsoids
εAM [%] 49.16 48.87 48.71
εEL [%] 29.54 30.26 30.68
εCB [%] 21.26 20.85 20.60
Aspec [μm1] 0.411 0.347 0.346
Aspec,PH [μm1] 0.742 0.626 0.633
τl [] 3.441 2.968 2.090
τl,PH [] 1.621 1.700 1.240
hriEDT [μm] 2.086 2.064 1.982
(a) (b) (c)
Figure 11. Cathode volume used for the 3D(PH) model with different
monodisperse particle shapes: a) spherical particles, b) ellipsoids
perpendicular to the current collector (┴), and c) ellipsoids parallel to
the current collector (∥).
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suggestions is proved by modeling a more complex cathode
geometry in the following.
3.4. Study 4: A “Real-Life” Cathode Structure
Real-life cathodes violate all of the above-investigated homogeni-
zation assumptions at the same time to a large extent. The sim-












































































Figure 12. Simulation results for the 3D(PH) and EHM/P2D models using microstructures with spherical particles (blue), ellipsoids perpendicular
to the current collector (┴) (green), and ellipsoids parallel to the current collector (∥) (red): a) 3C discharge curves, b) deviation of the discharge



















Figure 14. Solid-state diffusion overvoltage ηDiff of the 3D(PH) model,
the EHM/P2D model, and the improved EHM/P2D with a diffusion path
extension factor of 1.15, simulating the ellipsoidal microstructure in
Figure 11b.Figure 13. Intercalation behavior on the surface of an ellipsoid perpendic-
ular to the current collector. The surface color of the particle represents
the charge transfer current density, and the streamlines are in direction of
the electrolyte current and in color of the electrolyte potential.
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discussed adjustment of the solid-state diffusion length works for
such a complex 3D microstructure or not. The microstructure
shown in Figure 15 is created from active material particles
and carbon/binder agglomerates by a microstructure generator,
as described by Joos et al.[28] The microstructure parameters are
listed in Table 5, and the simulation results for a 3C discharge are
shown in Figure 16. The EHM/P2D model was first set up with
the mean active material particle size determined by the EDT
(configuration 1). Thereafter, two of the above-delivered sugges-
tions for improvement of the homogenized models are intro-
duced: a diffusion path extension factor of 1.4 in EHM/P2D
〈r〉þ 40% (configuration 2) and in EHM〈r〉þ 40%þ PSD (con-
figuration 3), the strong point of the EHM model, the possible
use of a PSD, was activated. Thus, configuration 1) corresponds
to the state-of-the-art P2Dmodel, configuration 2) is an improved
EHM/P2D setup with a monodisperse particle size, and config-
uration 3) applies a distribution of active material particle sizes
and can be realized with the EHM model only.
The discharge curves in Figure 16a show a significant devia-
tion between the spatially resolved 3D(SP) models, against the
homogenized standard EHM/P2D models. But, it becomes obvi-
ous that the EHM/P2D〈r〉þ 40% adapts already excellently
but seems to deviate a little at SOC> 50%, and the EHM
〈r〉þ 40%þ PSD model coincides almost perfect with the
3D(SP) model. The use of a diffusion path extension factor by
Table 5. Microstructure parameters of the “real-life” cathode (as shown in
Figure 15).
Parameter εAM [%] εEL [%] εCB [%] Aspec [μm1] τl [] hriEDT [μm]
Value 54.29 29.89 15.82 0.46 3.94 2.40
Figure 15. A “real-life” but virtual cathode structure with active material
particles and carbon/binder phase extracted from a 3D FIB/SEM template









































































Figure 16. Simulation results of the 3D(SP) running on a high-performance computer, the homogenized EHM/P2D models and the EHM/P2D models
simulating a complex 3D cathode microstructure : a) 3C discharge curves, b) deviation of the discharge curves φcath,3D(PH)–φcath,EHM, c) solid-state
diffusion overvoltage ηDiff, and d) charge transfer overvoltage ηCT.
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increasing the mean radii in the EHM/P2D〈r〉þ 40% elevates
the solid-state diffusion overvoltage (Figure 16c) to a similar level
as in the 3D(SP) model, improves the course of the charge
transfer overvoltage (Figure 16d), and, thus, reduces the maxi-
mum deviation in the discharge curves from 77 to 22mV.
Implementing a PSD EHM〈r〉þ 40%þ PSD accounts for the
diffusion paths of different length always existing in “real-life”
cathode structures. As a result, the solid-state diffusion overvolt-
age curve is smoothed and has a better qualitative agreement
with the 3D(SP) model. This reduces the maximum deviation
in the discharge curves further from 77mV to less than 10mV.
4. Conclusion
In this work, homogenized battery-cathode models with different
degrees of simplification were investigated and evaluated against
each other: 1) a complete microscopic model with separated
phases (3D(SP)), in which all phases (the active material phase,
the electrolyte, and the carbon/binder) of the electrode are spa-
tially resolved; 2) a partially homogenized model (3D(PH)), in
which the active material phase is spatially resolved, while the
mixture of carbon/binder phase and electrolyte is treated as a
3D homogeneous phase (distributed in the pore space between
the active material particles with effective ionic and electronic
transport properties); 3) the EHM, in which the active material
is described by a distribution of spherical particles with different
radii, and the mixture of electrolyte and carbon/binder phase is
treated as 1D homogeneous; and 4) the state-of-the-art P2D
model, which further simplifies the active material and only con-
siders particles of a single size.
The EHM model corresponds to the state-of-the-art P2D
model (often referred to as the Newman model) when only
one particle size is considered. In all models, a 3C discharge
process was simulated, and the course of the total cell voltage
and the contributions of solid-state diffusion, charge transfer,
and electrolyte transport overvoltages were compared.
For the first time, it was shown that the homogenization of the
conductive carbon/binder phase causes up to an 85mV overes-
timation of the total cell voltage at a 3C discharge. Interestingly
enough, this is not an effect of the homogenization of the
electrical transport path, but of the reduced active surface area
covered by the carbon/binder phase. Even if the charge transfer
parameters are adapted to the “true” active surface, solid-state
diffusion results in an overvoltage, due to extended diffusion
pathways. This is of importance for simulating “real-life” cathode
structures with a homogenized model, as these always contain
roughly 5–15 vol% carbon/binder phase.
In summary, the state-of-the-art P2D Newmanmodel does not
performwell for high discharge rates and “real-life” cathode struc-
tures (this criticism holds more or less true for the EHMmodel).
The studies shown here provide helpful advice on how to adapt
these models and achieve better approximation accuracy. These
allowsimulating thecomplete3Cdischarge curvewithanaccuracy
of 10mV for the EHMand of 22mV for the P2Dmodel, requiring
14 and5 s, respectively, on a standard laptop computer. Themicro-
scopic 3D(SP) model needs 14 h and 171GB random accessmem-
ory on a high-performance computer. Homogenized models are
much more convenient for simulating electrodes under different
conditions. However, characteristic microstructure parameters
are indispensable.Whileeffective transport coefficientsof thepore
spacearecalculablebyestablishedmethods,determiningtheeffec-
tivediffusion length isachallenge.For thispurpose, thenext step is
an automated procedure that considers the “true” particle shape
and the “free” reaction surface area.
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